The immune system including antigen-specific CD8 T cells, which are cytotoxic T lymphocytes (CTLs), can acquire the potential for more effective elimination of the pathogen at re-infection. As memory CTLs could exert protective immunity after the next response, we aimed to elucidate the substantial change of repetitively infected memory CTLs. Currently, DNA methylation status in repetitively infected memory CTLs is unknown, so we performed next-generation sequencing to evaluate methylation status and transcriptional regulation of naive, primary and secondary memory CD8 T cells on the basis of transcription start sites (TSS). Notably, total CpG sites in the entire regions of all genes were significantly unmethylated in primary memory CTLs (young memory CTLs) and even more unmethylated in secondary memory CTLs (old memory CTLs). However, total proximal regions from TSS, which cover transcriptional promoters, were steadily methylated with repeated infections. In contrast, distal regions from TSS, which are the majority of entire regions and include transcriptional enhancers, were extensively unmethylated by infections. In association between transcriptional and methylation changes, accompanied by genes characteristic of the immune response, natural killer cell signature genes, known to be expressed in senescent CD8 T cells, were transcriptionally up-regulated and unmethylated in young memory CTLs, and more so in old memory CTLs, whereas ribosomal proteins were transcriptionally down-regulated and methylated in proximal region from the TSS by infections. Our results suggest that epigenetically augmented enhancers and suppressed promoters, which could consequently lead to global decline of transcription and translation, could represent the senescence of memory CTLs.
Introduction
The immune system can remember encounters with viral and bacterial pathogens, and then immune cells such as memory cells can acquire the potential for more effective elimination of the same pathogen on re-infection; this is called immune memory. [1] [2] [3] Typically, in an acute infection, antigen-specific CD8 T cells, which are cytotoxic T lymphocytes (CTLs), almost all die after pathogen clearance, leaving only a small population of memory CTLs long term. 4, 5 As the concept of vaccination is based on immune memory, the contribution of memory CTLs has Abbreviations: 5 0 SAGE-seq, 5 0 -end serial analysis of gene expression sequencing; CTLs, cytotoxic T lymphocytes; ERV, endogenous retroviruses; GSEA, Gene Set Enrichment Analysis; LINE, long interspersed nuclear elements; LM-OVA, Listeria monocytogenes-expressing ovalbumin; LTR, long terminal repeat elements; MRPs, mitochondrial ribosomal proteins; MSCC, methyl-sensitive cut counting; NGS, next-generation sequencing; RPs, ribosomal proteins; rRNA, ribosomal RNA; SINE, short interspersed nuclear elements; tRNA, transfer RNA; TSS, transcription start sites
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been reported for various viral and bacterial infections. [6] [7] [8] However, many details of the establishment and maintenance of memory CTLs are unknown. In fact, memory CTLs could exert protective immunity after the next response, as prime-boost regimens were clinically tried to develop vaccines against, for example, human immunodeficiemcy virus (HIV) and hepatitis C virus (HCV). [9] [10] [11] As a recent study has demonstrated the strong heterogeneity of repeatedly infected memory CTLs, 12 it is important to elucidate their substantial change. 13 Hence, their function and phenotype have been studied to characterize their molecular mechanisms, [14] [15] [16] and we found their senescence feature (unpublished data). Although gene expression profiling by a whole-genome microarray showed the complexity and diversity in repeatedly infected memory CTLs, 17 profiling by next-generation sequencing (NGS) technologies has not been reported. Therefore, we studied the senescence signatures by 5
0 -end serial analysis of gene expression sequencing (5 0 SAGE-seq), which we developed to identify transcription start sites (TSS). 18, 19 Furthermore, because gene expression is considered to be regulated by epigenetics, DNA methylation status, the best known epigenetic marker, has been studied also in subsets of CD8 T cells. 20, 21 DNA methylation (hereinafter, 'methylation') in promoter or enhancer regions has been often reported to repress transcription states, [22] [23] [24] whereas there are numerous reports about DNA demethylation in these regions associated with gene expression. [25] [26] [27] Promoters, which are initiating transcription, are located adjacent to TSS. In contrast, enhancers, which can increase transcription rate, can be located in distal regions, even 1 Mb upstream or downstream of the TSS. 27, 28 In CD8 T cells, DNA demethylation at the Ifng locus within 50 kb of the TSS has been shown to have enhancer activity. 29 However, DNA methylation status in repetitively infected memory CTLs is still unknown. Recently, numerous groups have investigated an epigenetic clock, based on estimation of age-related change in methylation of specific CpG sites, particularly for agerelated diseases. [30] [31] [32] [33] To date, the landscape and dynamics of genome-wide methylation patterns in different cell types have been revealed by NGS technologies, which may yield epigenetic modifications to prospect biomarkers or disease diagnostics. [34] [35] [36] Therefore, we aimed to study genome-wide methylation changes, together with transcriptional regulation, to explore the epigenetic features of memory CTL senescence through repeated infections.
Materials and methods
C57BL/6 mice were purchased from Japan SLC, Inc. (Shizuoka, Japan). T-cell receptor transgenic OT-I (CD45.1 + ) mice were previously described. 16 Listeria monocytogenes-expressing ovalbumin (LM-OVA) obtained from H. Shen (University of Pennsylvania, Philadelphia, PA) was propagated, titrated and injected intravenously for infection, as previously described. 16 Naive CD8 T cells were sorted from OT-I T cells by FACS, and injected intravenously into C57BL/6 mice. Primary or secondary memory CTLs were FACS sorted from splenocytes (containing OT-I T cells) of LM-OVA immune mice at 80-90 days after the last infection. All mouse experiments followed the Animal Care Committee Guidelines of the Graduate School of Medicine, the University of Tokyo. 5 0 SAGE-Seq and Methyl Sensitive Cut Counting (MSCC) libraries were generated as previously described, 19 ,37 by using total RNA and genomic DNA from FACS-sorted naive, primary and secondary memory CD8 T cells, and sequenced with the Illumina/Solexa system for 5 0 SAGESeq and the Applied Biosystems SOLiD system for MSCC. For gene expression analysis, the tag number of each gene from 5 0 SAGE-Seq data was normalized to per 3 000 000 for each subset. Gene Set Enrichment Analysis (GSEA) was performed as previously described. 38 For DNA methylation analysis, estimated unmethylation at any CpG site was calculated as HpaII count/(MspI count + HpaII count), based on U/(M+U) (where M and U are methylated and unmethylated signals, respectively). 39 Statistical tests were performed using R (https:// www.r-project.org). Comparison among three groups was evaluated using the Bonferroni method, and results were considered statistically significant when P < 0Á05. Additional experimental and statistical details are provided in the Supplementary material (Appendix S1).
Results

Genome-wide methylation change in repetitively infected memory CTLs
First, we infected OT-I mice repetitively by LM-OVA antigen and generated primary and secondary memory CTLs. Secondary memory cells were > 80 days older than primary memory cells, and the same for primary memory and naive T cells. Then, we performed 5 0 SAGE-Seq and MSCC to evaluate methylation status and transcriptional regulation of naive, primary and secondary memory CD8 T cells on the basis of TSS (see Supplementary material, Fig. S1 , Table S1 ). As a result of these sequencing experiments, each pattern of gene expression and the HpaII/MspI tag counts from primary and secondary memory CTLs were closely similar (see Supplementary material, Fig. S2 ).
In the comparison of methylation status of each subset, CpG sites in the entire region were significantly more unmethylated in total by infections (Fig. 1a) . Notably, CpG sites on non-repetitive and all (= repetitive + nonrepetitive) sequences within 1 kb of the TSS were significantly more methylated by infections, whereas CpG sites on those sequences beyond 10 kb from TSS were , and all of both (All) sequences in the entire regions (a), on all sequences (both non-repetitive and repetitive sequences) in each sub-region (b), and on each classes of repetitive sequences in the entire regions (c) of all genes on a whole genome in naive (N), primary (1°) and secondary (2°) memory CD8 T cells. Data are presented as mean AE SEM. *P < 0Á05; **P < 0Á01; ***P < 0Á001. significantly and extensively more unmethylated (Fig. 1b) . Hence, it was also apparent that the landscape of methylation status centred on TSS was becoming more flattened by infections. These results indicate global DNA unmethylation (hereinafter, 'unmethylation') in distal regions from TSS (hereinafter, 'distal regions') and methylation in proximal regions from TSS (hereinafter, 'proximal regions') could unsilence enhancer functions and suppress promoter functions in repetitively infected memory CTLs. Surprisingly, greater changes to unmethylation in response to infections were found on repetitive sequences beyond 1 kb from the TSS than on non-repetitive sequences, although repetitive sequences within 1 kb of the TSS did not show significant methylation changes. Among repetitive sequences, short interspersed nuclear elements (SINEs), long interspersed nuclear elements (LINEs), and long terminal repeat elements (LTRs) were significantly more unmethylated in total on a large scale and some repetitive sequences (DNA, satellite and other repeats) showed similar events (Fig. 1c) , suggesting that DNA demethylation of these repeats in distal regions might unsilence their specific function in memory CTLs. Other sequences including RNA and simple repeats (also referred to as microsatellites or short tandem repeats) did not show the event (Fig. 1d) . Interestingly, the adverse event, significant methylation change, was found on ribosomal RNA (rRNA) sequences, one subclass of RNA repeats, within 4 kb of the TSS in memory CTLs (see Supplementary material, Fig. S3f ). Additionally, we observed the same tendency of methylated transfer RNA (tRNA) in secondary memory cells, although this change was not significant (data not shown). Typically, rRNA is the component of ribosome that is the site of protein synthesis, namely translation, and tRNA functions in the ribosome during translation for decoding mRNA sequences into proteins. 40 Therefore, methylation of rRNA and tRNA could probably decrease quantities of both RNAs, which could cause the decline of translational machinery in secondary memory cells. Similarly, microsatellites showed this tendency within 100 bp of the TSS (see Supplementary material, Fig. S3f ). As abundant microsatellites were found in human promoters, 41 we also observed that the percentage of estimated CpG site numbers (the number of unmethylated CpG sites detectable in one or more subsets) within 100 bp around the TSS out of the total estimated CpG sites on microsatellites (5Á92%) was much higher than those on SINEs, LINEs and LTRs -0Á0268%, 0Á0258%, and 0Á0499%, respectively. Previous studies have shown the potential of microsatellite functions for gene expression including promoters and enhancers. 42, 43 Therefore, our results suggest some microsatellites adjacent to TSS might possibly function as promoters in naive CD8 T cells, and their function in secondary memory CTLs might be suppressed by methylation, which could contribute to the decline of transcription initiation.
Methylation status of genes expressed and unexpressed in all subsets
Second, we examined the methylation status of genes expressed and unexpressed in all subsets to evaluate the relationship between gene expression and methylation. The percentage of estimated CpG site number was obviously higher in expressed genes and in proximal regions (Fig. 2c ). For example, expressed genes had 1Á84 times more CpG sites estimated on all sequences within 1 kb of the TSS, whereas expressed genes had 1Á76 times fewer total CpG sites in the entire regions, including unestimated CpG sites, than unexpressed genes. These results support the notion of the correlation between unmethylation and gene expression, and also the importance of unmethylation in proximal regions for gene expression. 23 In both expressed and unexpressed genes, CpG sites in the entire regions were significantly unmethylated in total by infections, similar to the methylation change in the entire genome (Fig. 2a,b) . Likewise, non-repetitive and all sequences in these genes were methylated within 1 kb of the TSS and unmethylated beyond 10 kb from the TSS by infections, although unmethylation level of unexpressed genes in all subsets was seemingly lower than that of expressed genes ( However, repetitive sequences in those unexpressed genes were unmethylated to a great extent not only beyond 10 kb, but also within 1 kb from TSS in secondary memory CTLs (Fig. 2f) . Furthermore, flattening of the methylation landscape by infections was also found. Interestingly, each difference in the unmethylation levels among each subset in unexpressed genes was seemingly greater than those in expressed genes. These results suggest that repetitive infections might decrease the stability of silencing gene expression of CD8 T cells by a wide range of methylation on repetitive sequences.
Transcriptional and methylation change in repetitively infected memory CTLs
Next, we focused on how methylation status is associated with the transcriptional change for repetitive infection of CD8 T cells. In genes expressed in all subsets (Fig. 3a(i) ), the comparison of primary and secondary memory CTLs showed a small change of their gene expression and they were statistically the most similar (see Supplementary material, Fig. S5) . Notably, the comparison of secondary memory and naive CD8 T cells revealed the greatest transcriptional changes of each gene; as Figure 3 (c) showed, more genes were scattered vertically along the y-axis, and expression levels of many genes increased (red dots in Fig. 3c ) or decreased (blue dots in Fig. 3c ) in a stepwise way from naive to primary, and from primary to secondary memory CD8 T cells. Correspondingly, the proximal regions were unmethylated in genes ≥ 10-fold more expressed (Fig. 3e) , and methylated in genes ≥ 10-fold less expressed (Fig. 3f ) in secondary memory CTLs in a stepwise manner with infections. However, the extent and distance of methylation change were greater in proximal regions than those of unmethylation change. These results suggest that dependency on proximal regions for gene expression was higher for methylation of down-regulated genes than for unmethylation of up-regulated genes in secondary memory CTLs. In both gene groups, entire regions were unmethylated in response to infections, whereas the methylation change of those down-regulated genes in secondary memory CTLs was not significant on non-repetitive sequences in the entire regions, suggesting an influence on extensively methylating the entire regions in down-regulated genes in secondary memory CTLs and the relevance of unmethylation in distal regions and transcriptional up-regulation in secondary memory CTLs. Repetitive sequences in proximal regions did not have enough CpG sites to evaluate methylation status in both gene groups. The same applies for evaluation of methylation status in proximal regions hereinafter.
Among genes expressed in two subsets, genes expressed in primary and secondary memory CTLs (Fig. 3a(iv) ) were statistically more similar and some of them revealed a higher expression level in both subsets than in other counterparts (see Supplementary material, Fig. S6 ). In the highly expressed genes in both subsets, proximal regions were distinctively more unmethylated in primary and secondary memory CTLs (Fig. 3g) . Among genes expressed in only one subset, only some genes expressed in naive cells showed higher expression level (see Supplementary material, Fig. S7 ). All genes expressed only in naive cells tended to be methylated in total in proximal regions by infections (Fig. 3h) . These results confirm that unmethylation of the proximal region is crucial for gene expression.
Methylation change of up-regulated and downregulated genes in repetitively infected memory CTLs
Finally, to evaluate how methylation status could give the impact of biological feature or function to repetitively infected memory CTLs, we performed GSEA with each subset pairing (i.e. primary versus naive, secondary versus naive, and secondary versus primary) and examined methylation status of the enriched gene groups. In each comparison, remarkably, a gene set, GOLDRATH_ANTI-GEN_RESPONSE, was the most positively enriched (Fig. 4a) , which confirmed a high reproducibility of our data because this gene set contains genes that are upregulated during an antigen response of naive CD8 T cells and is based on a similar experimental system to ours, 44 confirming the infection by LM-OVA could generate ( Fig. 4c) . Likewise, in Ifng, Gzm, and others that are characteristic of the effector function included in these genes, both regions were significantly unmethylated by infections (Fig. 4d) , although their estimated CpG number was very low. These results indicate that transcriptional up-regulation of genes related to the effector function by infections was involved with unmethylation not only in proximal but also in distal regions. As for phenotypic characterization of memory T cells, Il2ra and CD44, which were also included in this gene set, showed stepwise transcriptional up-regulation and a tendency for unmethylation in proximal regions by infections, whereas naive CD8 T cells showed almost no expression level of these genes (see Supplementary material, Fig. S8 ).
Additionally, a similar tendency of unmethylation was observed for up-regulated chemokines by infections (see Supplementary material, Fig. S9b ). In contrast, as previously reported, 17 Ccr7 was transcriptionally down-regulated by repetitive infections and correspondingly methylated in proximal regions (see Supplementary material, Fig. S9c ), confirming that secondary memory CTLs were tending to acquire the features of effector memory CTLs with high cytotoxic and low proliferative potential, rather than that of central memory CTLs. 15 Numerous other gene sets related to immune response were positively up-regulated in each comparisons (see Supplementary material, Table S2 ), but, unexpectedly, a gene set, LI_INDUCED_T_TO_NATURAL_KILLER_UP was the second most positively enriched (Fig. 4e) . As reportedly senescent CD8 T cells express genes characteristic of natural killer cells, 45, 46 primary and secondary memory CTLs, older than naive cells, also expressed such genes distinctively ( Fig. 4e,f ; see Supplementary material, Table S6 ). Many of those genes were up-regulated in a stepwise manner and correspondingly unmethylated in both proximal and distal regions by infections (Fig. 4g,h ), suggesting the involvement between transcriptional up-regulation and unmethylation in both proximal and distal regions by infections.
Some gene sets related to apoptosis were also enriched positively with high significance (Fig. 5a ; see Supplementary material, Table S4 ). Particularly, Prf1, Gzma and Gzmb included in these gene sets, which were also characteristic of the effector function, were transcriptionally upregulated and their proximal regions were unmethylated in a stepwise fashion by infections. Similarly, Il7r, a survival-associated gene, showed transcriptional up-regulation and unmethylation in proximal regions by infections (Fig. 5b,c) . These results suggest that unmethylation in proximal regions of those genes by infections might contribute to the maintenance of the homeostatic process of CTLs.
Conversely, in negatively enriched gene sets, numerous gene sets related to ribosomal proteins (RPs) were enriched with high significance ( Fig. 6a-d ; see Supplementary material, Fig. S10 and Table S8 ). A previous microarray analysis showed the transcriptional change between primary and quaternary memory CTLs, 17 but our data based on NGS analysis revealed even that change between primary and secondary memory CTLs, suggesting the power of NGS technology. Of note, among all RPs expressed in one or more of naive, primary and secondary memory CD8 T cells, no RP continued to increase the expression level by repetitive infections (see Supplementary material, Table S7 ). Correspondingly, proximal regions in RP genes were distinctly and significantly methylated in secondary memory CTLs and the methylation change between primary and secondary memory CTLs was also significant, whereas the methylation change on non-repetitive sequences in their entire regions was slightly significant, compared with that on repetitive and all sequences (Fig. 6e) . Hence, these results indicate that repetitive infections could cause strong methylation dependent on proximal regions in RPs for transcriptional down-regulation, which might lead to strong suppression of RP functions such as translational machinery in secondary memory CTLs. Furthermore, this methylation change of RPs resembled the methylation landscape change of the whole genome in naive, primary and secondary memory CD8 T cells, indicating that RPs might have a great impact on repetitively infected memory CTLs. Additionally, as those gene sets related to RPs included mitochondrial ribosomal proteins (MRPs), among all MRPs expressed in one or more subsets, 32 MRPs continuously decreased the expression level by infections (see Supplementary material, Table S10 ). As for methylation status, MRPs also had a similar tendency to RPs (see Supplementary material, Fig. S11 ). These results suggest that MRPs might be also suppressed functionally (Table S12 ). Data are presented as mean AE SEM. *P < 0Á05; **P < 0Á01; ***P < 0Á001. under transcriptional and epigenetic regulation and contribute to the role of RPs.
In the end, the functional correlation based on GSEA was confirmed by DAVID analysis of transcriptionally up-regulated or down-regulated genes in CTLs by infections (see Supplementary material, Tables S3, S5, S9 and S11). 5'SAGESeq and MSCC were validated by qRT-PCR and qMS-PCR respectively (see Supplementary material, Fig. S12, S13 ).
Discussion
To our knowledge, for the first time, our study exhibited the landscape of methylation status in repetitively infected memory CTLs. We did not evaluate a specific single-CpG site for an epigenetic clock because of the low group number (three groups), but evaluated a number of CpG sites within a certain distance. Notably, we found that CpG sites in the entire regions of secondary memory CTLs, old memory cells, were significantly unmethylated in total. However, proximal regions in old memory CTLs were distinctively methylated, whereas distal regions, the majority of entire regions, in those cells were extensively unmethylated. As promoter regions are adjacent to TSS, high methylation of proximal regions could cause the global decline of transcription initiation, possibly leading the old memory CTLs to the low flexibility of transcriptional (Table S12 ). Data are presented as mean AE SEM. *P < 0Á05; **P < 0Á01; ***P < 0Á001. change. In marked contrast, our study revealed the unmethylation level of distal regions in old memory CTLs was much higher. Since enhancer regions can be located in distal regions, the high unmethylation in this wide range of distal regions could persistently maintain transcription in old memory CTLs, in spite of less promoter activity, which could contribute to sustain their gene expression characteristic of memory CTLs. It is also quite possible that methylation level in all of these regions might not be the same among individual memory CTLs. Therefore, this genome-wide methylation change by repetitive infections might contribute to the heterogeneity of memory CTLs. Further studies such as single-cell methylome sequencing 47 will elucidate the association between methylation status of individual memory CTLs and heterogeneity of memory CTLs.
Of importance, repetitive sequences cover approximately 50% of the human genome. Most among these repeats are covered by interspersed repeats, in which SINEs cover 15% of the genome, LINEs cover 21%, and LTRs cover 9%. 48 Despite the abundance of repetitive sequences in mammals, due to the technical limit of NGS read lengths, 48 we could not have a large number of estimated CpG sites on repetitive sequences compared with those on non-repetitive ones, particularly in proximal regions. Nevertheless, intriguingly, our study revealed an even higher unmethylation level on repetitive sequences of distal regions in old memory CTLs than on non-repetitive sequences. Among repetitive sequences, LINEs and SINEs are the most reported about for their regulation of chromatin structure, transcription, mRNA processing and translation for silencing or promoting/enhancing gene expression. [49] [50] [51] Although little is known about their regulation in memory CTLs, some LINEs and SINEs in memory cells could have such roles. Hence, because of their unmethylation, those regulations in old memory CTLs could be more augmented for up-regulation or down-regulation of gene expression.
The third most common repeat, LTR, comprises endogenous retroviruses (ERVs), most of which were integrated into the human genome millions of years ago, and are not active at present owing to DNA mutations, deletions and recombinations. Indeed, their function to host gene expression is often reported as transcriptional promoter/enhancer. 52 Their LTR promoter/enhancer functions can be tissue-specific or bi-directional, and can range up to 100 kb. 53 The same as LINEs and SINEs, it is possible that their unmethylation in old memory CTLs could augment those functions for up-regulation of gene expression, if any LTRs in memory CTLs had promoter/ enhancer functions. Furthermore, as the immune response against ERVs was described well, [54] [55] [56] recent investigations have demonstrated that human ERV type K (HERV-K) antigen was expressed in HIV-1-infected CD4 T cells and HERV-K-specific CTLs specifically responded to and eliminated HIV-1-infected CD4 T cells. In fact, our results revealed that LTR sequences of ERV-K and others were largely unmethylated in memory CTLs by infections. 57 Presumably, DNA demethylation of LTRs by HIV-1 infection might underlie HERV antigen expression in HIV-1-infected patients.
It is well known that methylation can affect silencing gene expression. 25 Our results clearly demonstrated that, in comparison between expressed and unexpressed genes in all subtypes, the percentage of estimated CpG sites in expressed genes was higher than that in unexpressed genes. Because those percentages of repetitive sequences were low in both groups, particularly in proximal regions, it is considered that evaluating methylation changes of non-repetitive sequences could have even more power than evaluating those of repetitive sequences. Hence, the impact of methylation in proximal regions and unmethylation in distal regions in memory CTLs should be the most significant in both groups. Moreover, this phenomenon was enhanced in old memory CTLs. Therefore, it is concluded that repetitive infections might decrease dependency on promoters and increase dependency on enhancers for transcriptional regulation of CD8 T cells. However, because repetitive sequences of proximal regions in unexpressed genes were also unmethylated in old memory CTLs, some repeats might have the function of diminishing transcriptional promoter activity to completely suppress gene expression.
In genes expressed in all subsets, interestingly, our results from the comparison of secondary memory and naive CD8 T cells suggest higher dependency on proximal regions for transcriptional down-regulation and on distal regions for transcriptional up-regulation. Unmethylation level of up-regulated genes could be reaching a plateau in promoter regions and transcriptional up-regulation could be augmented by enhancers, whereas the unmethylation level of down-regulated genes could decline markedly in promoter regions and range even over the entire regions including enhancers. As a recent study demonstrated that enhancers precede promoters functionally, 58 it is possible that methylation over a large distance of distal regions or the entire regions might precede methylation within a small distance of the proximal regions of down-regulated genes in old memory CTLs.
In detail, up-regulated genes characteristic of the immune response, particularly the effector function, were significantly and distinctly unmethylated in both proximal and distal regions. Surprisingly, natural killer cell signature genes were expressed and unmethylated in memory CTLs, and more so in old memory CTLs. Although it is commonly known that senescent CD8 T cells express such genes, the mechanism of these genes on the senescence of CD8 T cells is still poorly understood. For example, Klrg1, an inhibitory receptor, is well known as a senescence marker of CD8 T cells 59 and the anti-proliferative effect of Klrg1 on CD8 T cells was demonstrated in humans. 60 Collectively, this epigenetic regulation might account for the potential of enhanced cytotoxicity and anti-proliferative activity in old memory CTLs. However, because the unmethylation change between primary and secondary memory CTLs was not significant on non-repetitve sequences of those gene groups, high cytotoxicity and anti-proliferative activity in secondary memory CTLs might be reaching a plateau. Furthermore, this wide range of unmethylation could probably maintain persistent gene expression by abundant enhancers, and might be observed also in other old immune cells. In detrimental cases, this epigenetic change in old cells might contribute to inflamm-aging, a lowgrade chronic inflammation of elderly people. 61 The association between transcriptionally down-regulated RPs and memory CTLs, particularly old memory CTLs, was significant. Because proximal regions of RP genes were highly methylated, their methylated transcriptional promoters could suppress the transcription initiation of RPs in old memory CTLs, and then, accompanied by the quantitative decrease of rRNA and tRNA, might cause the serious decline of translational machinery in old memory CTLs. In fact, RPs are known as key regulators of aging 62 and network components of mechanistic target of rapamycin (mTOR). 63, 64 Inhibition of mTOR has been demonstrated to extend lifespan in a number of species, including mice [65] [66] [67] and also to globally reduce translation of RPs. 68 Therefore, the longevity, a classical characteristic of memory CTLs, 3 might be closely linked to ribosome biogenesis, particularly RPs, under epigenetic regulation. Taken together, we concluded that our finding of epigenetically augmented enhancers and suppressed promoters in old memory CTLs, which could consequently lead to global decline of transcription and translation, could represent the senescence of memory CTLs in the process of extending lifespan. Indeed, in human CD4 T cells, a centenarian had more methylated CpG sites at CpG island promoters and more unmethylated CpG sites in exonic, intronic and intergenic regions than a newborn. 69 It will be of interest to elucidate in future studies whether these methylation changes during senescence could be observed in other immune cells or other types of cells. Aging in humans increased the frequency of somatic mutations in some methylation regulators such as DNMT3A and TET2, [70] [71] [72] so it is important to assess their involvement with the epigenetic phenomenon of senescence. Our study provides novel insights into the senescence mechanism in T-cell vaccine design and age-related diseases.
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